analysis indicates that the P. phaseoli mitochondrial lineage is basal within the clade. P. mirabilis and P. ipomoeae are sister lineages and share a common ancestor with the Ic mitochondrial lineage of P. andina. These lineages in turn are sister to the P. infestans and P. andina Ia mitochondrial lineages. The P. andina Ic lineage diverged much earlier than the P. andina Ia mitochondrial lineage and P. infestans. The presence of two mitochondrial lineages in P. andina supports the hybrid nature of this species. The ancestral state of the P. andina Ic lineage in the tree and its occurrence only in the Andean regions of Ecuador, Colombia and Peru suggests that the origin of this species hybrid in nature may occur there.
Introduction
Phytophthora infestans (Montagne) de Bary, the destructive pathogen responsible for the Irish potato famine of the mid-1800s (Bourke 1964) , still causes widespread disease on both potato and tomato (Fry et al. 2013; Hu et al. 2012) . P. infestans and other oomycetes are members of Stramenopila and are not true fungi (Chesnick et al. 1996; Gunderson et al. 1987; Föster et al. 1990) . P. infestans is closely related to four other Phytophthora species that infect different hosts. The evolutionary relationships of these species has been investigated using multiple approaches including single and multi-gene genealogies and whole genome sequencing (Blair et al. 2012; Gomez et al. 2008; Goss et al. 2011; Raffaele et al. 2010) . P. andina is a hybrid species, with P. infestans as one of the parents and there are two mitochondrial lineages (Ia and Ic) (Adler et al. 2004; Gomez et al. 2008; Goss et al. 2011; Oliva et al. 2010) . However, the whole mitochondrial genomes of all the species in the clade have not been sequenced previously and the evolutionary relationship of both mitochondrial lineages of P. andina with the other species in the clade remains unresolved.
The genus Phytophthora is divided into many clades and P. infestans and its four sister species are found in clade 1c Blair et al. 2008; Cooke et al. 2000) . P. infestans shares clade 1c with P. phaseoli, P. ipomoeae, P. mirabilis and P. andina. P. phaseoli, first reported in the USA (Thaxter, 1889) , is a species that infects lima and common bean (Phaseolus limensis, P. lunatus, P. vulgaris) and has been reported in Mexico and Central and South America, but its center of origin is unknown (Evans et al. 2007; Farr and Rossman 2014) . P. mirabilis causes disease on Mirabilis jalapa (Galindo and Hohl 1985) and P. ipomoeae causes leaf blight on Ipomoea longipedunculata and these two species have only been reported in Mexico . On the other hand, P. andina has only been reported in Ecuador, Colombia and Peru, but not Mexico (Forbes et al. 2013 ). The Toluca Valley in central Mexico has been proposed as the center of origin of the entire 1c clade (Brasier and Hansen 1992; Flier et al. 2002 Flier et al. , 2003 Goss et al. 2014; Grünwald and Flier 2005) , but the Andean region has also been suggested as a center of origin for species in the clade including P. andina and P. infestans (Adler et al. 2004; Gomez-Alpizar et al. 2007 . P. infestans, P. mirabilis and P. ipomoeae share morphological characteristics, but have different mating systems. Sympatric evolution of three of the species (P. infestans, P. mirabilis and P. ipomoeae) found in the highlands of central Mexico has occurred (Grünwald and Flier 2005) . Host jumps followed by host specialization through mutations of effector genes may be driving speciation in the clade (Dong et al. 2014; Flier et al. 2002; Raffaele et al. 2010) .
In Ecuador, three clonal lineages of P. infestans (US-1, EC-1, EC-3) and one heterogeneous lineage (EC-2) consisting of two mitochondrial haplotypes (EC-2 Ic, EC-2 Ia) formerly named Phytophthora infestans sensu lato are found in association with different wild Solanum species (Adler et al. 2002 (Adler et al. , 2004 Forbes et al. 2013; Ordonez et al. 2000) . Kroon et al. (2004) sequenced several nuclear and mitochondrial genes from the EC-2 Ic mitochondrial lineage and placed this lineage in the 1c clade and was the first to use the name "P. andina". Subsequently, Blair et al. (2008) referred to the species as "P. sp. 'andina"; however, the evolutionary relationships between the sister species in clade 1c remained unresolved ).
The EC-1 clonal lineage of P. infestans sensu lato was later determined to be P. infestans based on sequences of the mitochondrial cytochrome oxidase 1 (cox1) gene and intron 1 of the ras gene (Gómez-Alpizar et al. 2008) . However, the EC-2 Ic lineage formed a branch in the 1c clade distinct from P. infestans, P. mirabilis, P. phaseoli and P. ipomoeae, for both cox 1 and ras intron 1, and these isolates were subsequently identified as the newly described species P. andina (Gómez-Alpizar et al. 2008; Oliva et al. 2010) . A formal species description of P. andina was published and it was suggested that in addition to the EC-2 Ic lineage the EC-3 lineage (Ia) from Solanum betaceum was also P. andina (Oliva et al. 2010) . Other authors have questioned (Cardenas et al. 2012) or defended (Forbes et al. 2012 ) the validity of P. andina as a species, while some of the same authors showed a hybrid origin of P. andina (Goss et al. 2011 ). Molecular evidence from several nuclear and mitochondrial genes from three different studies suggests that P. andina is a hybrid and that P. infestans is clearly one of the parents, but the other parental lineage is unknown (Blair et al. 2012; Gomez et al. 2008; Goss et al. 2011) .
P. mirabilis is closely related to P. infestans and was first described in Mexico on Mirabilis jalapa also known as 4'o clock or the "Flower of Peru" (Galindo and Hohl 1985; . Studies have shown that P. infestans and P. mirabilis are now reproductively isolated, but the possibility of gene flow between the species was demonstrated since the two species can interbreed and produce viable offspring (Goodwin et al. 1999) . P. mirabilis does not appear to be conspecific with P. infestans anywhere except Mexico. Mirabilis jalapa occurs widely in South America, but there have been limited surveys there for infection of the host by P. mirabilis. In contrast, the hybrid species P. andina is native to the Andean region of South America and has not been found in Mexico where P. infestans and P. mirabilis are sympatric. Thus, the hybridization between P. infestans and the unknown Phytophthora species that led to P. andina may have occurred in the Andes where both P. andina and P. infestans are sympatric and infect common hosts (Forbes et al. 2013) . The oldest mutations in the mitochondrial lineages leading to P. andina are of South American origin (Gomez et al. 2007; Martin et al. 2014 ). In addition, several Andean Solanaceous species including pear melon (Solanum muricatum), tree tomato (S. betaceum) and naranjilla-little orange (Solanum quitoense) are reported hosts to both P. infestans and P. andina, so gene flow to wild Solanum species is a possibility (Adler et al. 2004; Forbes et al. 2013) . Fruits of all these species are imported into the USA posing phytosanitary hazards.
In this study we investigated the evolutionary history of Phytophthora species in the 1c clade by: (1) sequencing and annotating the complete mitochondrial genomes of the remaining four species of the Phytophthora 1c clade: P. mirabilis, P. ipomoeae, P. phaseoli and both the Ia and Ic mitochondrial lineages of P. andina; (2) aligning and 1 3 comparing the genomes to the mitochondrial genomes of P. infestans; and (3) resolving the evolutionary relationships among these mitochondrial lineages using Bayesian statistical analyses. A preliminary abstract of a portion of this research has been published (Lassiter et al. 2010 ).
Materials and methods

Isolates
Five isolates of Phytophthora were used for this study including: P. mirabilis, P. ipomoeae, P. phaseoli and P. andina (mitochondrial lineages Ic and Ia) ( Table 1 ). The mitochondrial genome sequence of the P. infestans Ib mt haplotype (NC 002387) was used as the reference genome for comparison (Lang and Forget 1993) . All isolates were maintained on rye-V8 or lima bean agar at 18 °C. Two to three agar plugs containing mycelia were transferred into Petri dishes containing pea broth with 0.5 g/L sucrose and grown for 2-3 weeks. Mycelia from approximately 40 Petri dishes were harvested by filtration with Whatman #1 membrane filter paper and then frozen in liquid nitrogen. Mycelia were stored at −20 °C until further use. Approximately, 10 g of mycelia was used for DNA extraction.
DNA preparation
Previously collected mycelia were frozen in liquid nitrogen and then ground into a fine powder using a mortar and pestle. DNA extraction was performed using the Qiagen DNeasy Plant Maxi ® kit (Qiagen Corporation, Maryland, USA). The mtDNA was purified in a cesium chloride (CsCl) density gradient (1.1 g CsCl/mL DNA-AE solution) with the addition of bisbenzimide (final concentration of 10 mg/mL) as described previously (Avila-Adame et al. 2006; Carter et al. 1990; Garber and Yoder 1983; Klimczak and Prell 1984) . The DNA was purified by two consecutive centrifugations in a Beckman ultracentrifuge with a 70.1 Ti rotor at 200,000g for 42-48 h at 20 °C. The bisbenzimide and CsCl were removed with the use of isopropanol and dialysis in TE buffer (at 4 °C for 16 h including three changes of buffer), respectively. The mtDNA was concentrated by ethanol precipitation in the presence of 1/10 3.0 M sodium acetate (pH 5.2) and resuspended by dissolving in AE buffer provided in the Qiagen kit. The P. andina Ia mitochondrial DNA was prepped using a standard CTAB extraction (Ristaino et al. 2001 ).
Sequencing
The mitochondrial genomes of P. ipomoeae, P. phaseoli and P. andina (Ic haplotype) were sequenced at the BROAD Institute of MIT with a minimum of 100-fold sequence coverage with standard 454 technology fragment reads using methods described previously (Lennon et al. 2010) . The mtDNA was sheared and size selected to generate fragments from 400 to 800 bp in length. Fragments were blunt ended, ligated on both ends with 454 adapter sequences and the resulting library was subjected to emulsion PCR. The DNA was then sequenced using the 454 Titanium sequencing platform. The P. andina Ia genome was sequenced at the Centre for GeoGenetics, University of Copenhagen. Initially, DNA was fragmented using a Bioruptor to a mean size of 200 bp, following which an Illumina-compatible library was constructed using the NEBNext library build kit 1 and Illumina PE adaptors, following the manufacturer's instructions. The library was subsequently index PCR amplified (Illumina index 1) for 20 cycles using Pfusion polymerase, prior to gel excision, quantification and sequencing over one lane of Illumina GAIIx (SR 76 bp) and one lane of Illumina HiSeq (SR100 bp) following the manufacturer's guidelines.
Annotation
The 454 reads were reassembled using Newbler (Roche). The identification of genes, open reading frames and other features in the mitochondrial genomes was based on the previously published mitochondrial genome sequence of P. infestans (mtDNA haplotype Ib available in GenBank accession no. NC002387) (Lang and Forget 1993; Paquin et al. 1997) . Portions of the four genomes were aligned with the P. infestans genome using Clustal W (Version 1.8.1) in BioEdit 7.0.5.3 (Hall 1999) . Each gene within the P. infestans genome was locally aligned with the entire genome of each of the remaining species. The mitochondrial genomes of each species were analyzed and mapped using the software program Vector NTI version 11.52 ( Fig. 1 ; Supplemental Figure 1 ). Annotated sequence data were submitted to GenBank and the accession numbers are reported in (Table 1) . The P. andina Ia genome was annotated using the P. andina Ic mitochondrial genome. AdapterRemoval (Lindgreen 2012 ) was used to trim adaptors, N bases and low-quality sequence from the raw Illumina reads using default parameters. Sequences were initially mapped using BWA against the P. andina Ic mitochondrial genome (HM590419). Subsequently, duplicate reads were removed using samtools (Li et al. 2009 ) and reads that mapped to more than one position were removed using shell scripts.
The GATK pipeline (McKenna et al. 2010 ) was then used to realign the reads and to call SNPs and indels, following which a consensus sequence was generated using custom perl scripts. Bases were called consensus if a called SNP was present in more than 70 % of the reads mapping to one position. Post-trimming, 46,184 correctly indexed reads mapped uniquely to the reference, resulting in an assembly with 91.08× mean coverage (median 71×), and covering 99.735 % of the reference at minimum 1×.
Evolutionary analysis
Mitochondrial genome sequences were aligned using Align X in Vector NTI, version 11.52 edited, trimmed and collapsed into haplotypes using SNAP Map (Aylor et al. 2006) with the options of removing insertions and deletions and excluding infinite-sites violations. Base substitutions were categorized as transitions/transversions and phylogenetically informative/uninformative. Compatibility among pairs of informative sites and the largest nonrecombining partition were determined using the Clade and CladeEx programs (Bowden et al. 2008) , respectively. 
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Coalescent analysis using Genetree (Griffiths and Tavaré 1994) and implemented in SNAP Workbench (Price and Carbone 2005; Carbone et al. 2004 ) was used to infer the mutational history, time scale and evolution of the polymorphisms among the species. The largest nonrecombining partition was collapsed into nine haplotypes and 633 variable sites (Supplemental Figure 2) . Only regions corresponding to protein coding genes, tRNAs or rRNAs were used for coalescent inference. These comprised nearly 90 % of the mitogenomes and gave good estimates of the species trees. The relative probabilities of all rooted genealogies were calculated by performing four independent runs of 10 million simulations of the coalescent assuming Watterson's (1975) estimate of theta, panmixis and constant population size. The mitochondrial genealogy with the highest root probability was examined to determine the relative ages of polymorphisms and clades in the evolutionary history of the species.
Analysis was also conducted using BEAST (Drummond and Rambaut 2007) to confirm the findings in the SNAP workbench. An xml file was created in BEAUti with simulations run for 10,000,000 generations of Markov chain Monte Carlo with a burn in of 1,000,000 under the HKY substitution model (Hasegawa et al. 1985) . Trees were sampled every 1000 generations and summarized into a consensus tree using TreeAnnotator, with a burn in of 1000 trees and a posterior probability limit of 0. The tree was visualized in FigTree 1.4.6 (Rambaut 2007) .
Results
We sequenced the complete mitochondrial genomes of P. andina (haplotypes Ia and Ic), P. mirabilis, P. ipomoeae and P. phaseoli, and genome maps and genome sizes are shown ( Fig. 1; Supplemental Figure 1 A-C; Table 2 ). The mitochondrial genome sequence for the Ib haplotype of P. infestans was used for comparison (Lang and Forget 1993; Paquin et al. 1997 ). All the mitogenomes were similar in size and varied by only 279 bp. The mitochondrial genome of P. infestans was larger than the mitochondrial genomes of the other species and P. mirabilis had the smallest mitochondrial genome. The genomes of both the P. andina lineages were similar in size.
Protein coding regions accounted for over 90 % of the mitogenomes and sequence identity was greater than 99 % ( Table 2 ). The P. andina Ia mitogenome had the greatest sequence similarity to the P. infestans mitogenome and only 14 polymorphisms were found between the mitogenomes of the two species (Table 3) . All five mitogenomes were adenine and thymine rich and G-C content was less than 23 % in each of the species (Table 2 ). A total of 61 genes with known function were identified including 18 genes involved in electron transport, 2 ribosomal RNA genes, 16 ribosomal protein genes and 25 transfer RNA genes (Supplemental Table 1 ; Fig. 1 ). Six ORFs which code for proteins of unknown function were also identified. Genes were coded in The genes coding for the ribosomal proteins rps12 and rps7 overlapped. Similarly, there was an observed overlap between the genes coding for the NADH dehydrogenase subunits 1 (nad1) and 11 (nad11). Two indels in ORF 79 were detected in both haplotypes of P. andina corresponding to a 12 nucleotide deletion in the region (Fig. 2) . These indels were not found in any of the mitogenomes of the other 1c clade species and did not correspond to any of the known restriction enzyme sites used to differentiate the P. andina Ic mitochondrial lineage from P. infestans (Ordonez et al. 2000) . Many restriction sites were identified among the mitogenomes and can be visualized by downloading the genomes into Vector NTI. A total of 672 polymorphic sites were detected among the mitochondrial genomes of five species in the clade (Supplemental Figure 2) . Among these polymorphic sites were 198 transversions and 474 transitions (Supplemental Figure 2) . A total of 129 nonsynonymous substitutions were identified (Supplemental Table 3 ). None of these polymorphisms produced frameshifts. The highest numbers of SNPs were found in the nad11 (n = 50), nad5 (n = 38), cox1 (n = 36) and atp1 (n = 30) genes ( Fig. 3 ; Supplemental Table 2 ). ORF217 (n = 19) and ORF79 (n = 13) had higher numbers of SNPs than the other hypothetical ORFs. There were 19 and 14 SNPs, respectively, in the genes coding for rnl and rns. Fourteen of the 25 genes coding for tRNAs had SNPs, but there were fewer than five SNPs in these genes.
We collapsed the sequences into nine haplotypes with 633 variable sites (Fig. 4) . Coalescent analysis indicates that P. phaseoli is the basal lineage of the clade and diverges first (Fig. 4) . The lineage leading to P. andina Ic diverged earlier than the other species. The P. andina Ic lineage shares a common ancestor with P. mirabilis and P. ipomoeae. P. mirabilis and P. ipomoeae are inferred to be sister lineages distinct from the P. andina Ic lineage (Fig. 4) . The P. infestans type I and P. andina Ia mitochondrial lineages are of more recent origin, but share a common ancestor with the lineages leading to the remaining three species (P. andina Ic, P. ipomoeae and P. mirabilis). P. infestans is the most recently diverged lineage in coalescent time and includes the four mitochondrial lineages (Ia, Ib, IIa and IIb) and the P. andina Ia lineage (Fig. 4) . The tree resolved using BEAST had a similar topology to the coalescent tree, but shows the P. andina Ia lineage diverging before the type I P. infestans lineages. However, both are inferred as sister lineages (Supplemental Figure 3) .
Each branch on the haplotype tree indicated multiple fixed substitutions that accumulated in the mitochondrial genomes (Fig. 4) . P. phaseoli had the greatest number of fixed substitutions (190) and this number was higher than any other species of the clade. P. ipomoeae had the second highest number of fixed substitutions (112) followed by the P. andina Ic lineage (94) and P. mirabilis (69). The lineage that led to the separation of the other five members of the clade from P. phaseoli included 28 substitutions (Fig. 4) . The locations of the fixed substitution and polymorphisms in each mitochondrial genome are shown in Supplemental Table 2. 
Discussion
The mitochondrial genomes of the four 1c clade species of Phytophthora were sequenced and annotated in this research. We mapped the mitochondrial genomes of P. phaseoli, P. mirabilis, P. ipomoeae and both haplotypes of P. andina (Ic and Ia), compared gene content, order and genome size, and mapped polymorphisms. The gene content was highly conserved among the species; however, there were clear differences and many polymorphisms in the protein-coding genes among the species. P. phaseoli was ancestral in the clade. The lineage leading to P. andina Ic diverged earlier then the lineage leading to P. infestans and P. andina (Ia) which were inferred as sister species. The two P. andina mitochondrial lineages contained over 200 SNPs that distinguished them from one another and the presence of two mitochondrial lineages documents the hybrid nature of this species.
The date of divergence of the P. infestans mitochondrial lineages has been estimated recently (Martin et al. 2014; Yoshida et al. 2013 ). Bayesian phylogenies using P. infestans mitogenomes from modern and historic lineages dated the estimated coalescence times of all the mitogenomes of P. infestans to 460-638 years. This includes the mitochondrial lineage reported to be present during famineera epidemics (Herb-1) that is a sister lineage and a type Ia mitochondrial lineage of P. infestans (Martin et al. 2014; Yoshida et al. 2013) . The divergence time of P. infestans from P. mirabilis was estimated to be 1318 years (Yoshida el al. 2013 ). Thus, the divergence time of the Ic lineage of P. andina and its sister species, P. mirabilis and P. ipomoeae, and the divergence time of the ancestral lineage in the clade, P. phaseoli, from all the other species must be much earlier. Although first reported in the USA, P. phaseoli is present in Mexico and has been reported in Central and South America. Studies on the center of the origin of P. phaseoli are needed and may be important to understand the origins of the entire clade, since this species is clearly ancestral. Research is in progress to date the divergence times of some of the species in the clade with a larger sample of recent and historic mitogenomes.
Mitochondrial haplotypes have been designated in modern populations of P. infestans using PCR and RFLP analysis of mitochondrial DNA (Carter et al. 1990; Griffith and Shaw 1998) . Three extant mtDNA haplotypes of P. infestans were sequenced by Avila et al. (2006) and mutations leading to the evolution of both type I and type II mitochondrial lineages were clearly identified. The mitochondrial genomes of the other Phytophthora species in the 1c clade more closely resemble the type I mitogenomes of P. infestans than the type II mitogenomes, since all lacked the large 2 kb insertion sequence (Avila-Adame et al. 2006; Carter et al. 1990; Gavino and Fry 2002) . Our data also suggest that the ancestral P. infestans parent of the P. andina hybrid was a type I mitochondrial lineage. The center of origin of P. infestans and its close relatives is controversial and has been proposed as either central Mexico or the Andean region of South America (Abad and Abad 1997; Bourke 1964; Flier et al. 2003; Gavino and Fry 2002; Gómez-Alpizar et al. 2007; Goss et al. 2014; Grünwald and Flier 2005) . Our goal in this research was not to address this question, but some of our data shed light on the controversy. P. infestans, P. mirabilis, P. andina and P. ipomoeae coalesced into the same group, indicating that these four species share a common ancestor. To date, P. andina has only been reported in the Andean region of Colombia, Ecuador and Peru in South America. This suggests that the earliest divergence of the P. andina Ic lineage from a P. infestans ancestor may have also occurred in the Andean region. Phytophthora ipomoeae and P. mirabilis are inferred as sister species and evolved more recently from a common ancestor of the Ic lineage of P. andina. It is unresolved whether these sister lineages occur in South America.
The host of P. mirabilis, Mirabilis jalapa, and the host plant for P. ipomoeae, Ipomoeae longipedunculata, both originated from South America and were transported to Mexico hundreds of years ago; none are native to Mexico (Hawkes 1990) . One potential scenario includes the possibility that these species jumped hosts from potato to wild hosts in Mexico (Dong et al. 2014; Grünwald and Flier 2005) . An alternative possibility is that the host jumps occurred in the Andean region and that all the 1c clade species evolved in South America on the hosts that are native there and were later moved northward on infected plants. The observation that P. ipomoeae and P mirabilis are extremely rare and difficult to find in Mexico suggests the idea of a limited introduction (Goss et al. 2014; Grünwald and Flier 2005) .
The ORF 79 indel found in both P. andina mitochondrial lineages can readily be used to differentiate P. andina from the other 1c clade species. This site may be used with other known regions to differentiate P. andina from P. infestans. Creating a PCR primer specific to the P. andina ORF79 could enable a quick diagnostic tool for identification of P. andina in infected plant material. It is interesting that the indel in ORF 79 is present in both P andina mitochondrial lineages so this deletion event could have occurred multiple times in the evolutionary history of P. andina. Another possibility is that deletion event may have occurred in the P. andina mitogenomes by a hybridization event before the lineages diverged. In addition, the region of the mitochondrial genome close to ORF 79 is an area where other larger insertion events have been reported in P. infestans mitochondrial haplotypes (Avila-Adame et al. 2006) . The type two lineages contain a 2 KB insertion near this region of the mitogenome.
There are many SNPs distributed through the mitochondrial genomes of P. infestans and its sister species, yet only a few of these have been used previously for PCR RFLP haplotyping (Griffith and Shaw 1998) . In this report we identified some protein-coding genes that are more variable including nad11, nad5 and atp 1. These SNPs could be useful for SNP typing. The many SNPs reported here in the P. andina lineages may be useful for haplotyping populations of P. andina on various hosts and discerning the impact of host specialization on this species evolution. Unique SNPs that distinguish species within the 1c clade have been reported previously in the mitochondrial cox 1 gene and barcoding genes and nuclear genomes and include genes for host specialization and virulence (Dong et al. 2014; Robideau et al. 2011) . A combination of SNP typing and species identification using ORF 79 could be useful in larger sampling studies to examine the role of host jumps and specialization in evolution of both P. infestans and its sister species.
A study by Farrer et al. (2011) on the pathogen Batrachochytrium dendobatidis demonstrated that multiple lineages of the fungus are being vectored between continents through the movement of the amphibian host. This is likely true with P. infestans as well as other species in the clade, since Phytophthora species move readily in infected plant material. Farrer et al. (2011) used whole genome sequences to determine global emergences of various lineages. A similar method, using the next generation sequencing of whole genomes of many isolates of 1c clade Phytophthora species, is underway to better characterize the evolutionary relationships and origin of the species in this clade. Martin et al. (2014) and Yoshida et al. (2013) examined the evolutionary relatedness of historic and present-day P. infestans using whole mitogenomes. Yoshida suggested that a single mitochondrial lineage named Herb-1 was present in the nineteenth century Europe and that this lineage was rare or even extinct in modern populations. Martin et al. (2014) subsequently documented that multiple mitochondrial haplotypes were present in nineteenth century P. infestans in Europe, suggesting either multiple introductions of different lineages or a single introduction of multiple lineages. Resolution of the phylogeography and center of origin debate for species in the lc clade of Phytophthora will have serious Fig. 4 The rooted coalescent genealogy showing the distributions of mutations of Phytophthora 1c clade species using whole mitogenomes generated in GENETREE. The analyses were run a total of 10,000,000 simulations four separate times. P. phaseoli is basal in the clade. Phytophthora andina Ic lineage diverged next followed by the other two species (P. mirabilis and P. ipomoeae). The Phytophthora species, mitochondrial lineage and regions/countries where the species have been reported are indicated below the figure. The time scale is in coalescent units of effective population size and the direction of divergence is from top (past oldest) to the bottom (present youngest) implications for both plant breeding and phytosanitary regulations, since present-day movement of plant materials out of Central and South America to the USA could result in the introduction of novel species on exported Solanaceous fruits and tubers.
